Abstract. Understanding the molecular basis of the differential sensitivity of cancer cells to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis is required to predict therapeutic outcomes and to improve the effectiveness of TRAIL-based therapy. This study aimed to compare the responsiveness of gastric cancer cells to TRAIL treatment and to investigate the molecular basis of the differential TRAIL sensitivity of four gastric cancer cell lines. The TRAIL sensitivity of the four cell lines was ranked in the following order: SNU-16 ≈ SNU-620 > SNU-5 >> SNU-1. The level of Annexin V binding and the activation profile of caspase-3, -8 and -9 corroborated the differential TRAIL susceptibility of the cell lines. To determine the molecular basis of the differential sensitivity to TRAIL, we examined the expression of signaling components involved in TRAIL-mediated apoptosis. The mRNA level and surface expression of death receptor 4 (DR4) were significantly decreased in the SNU-1 cells compared to the other cell lines. Bid cleavage and X-linked inhibitor of apoptosis (XIAP) degradation were significantly increased in the SNU-16 and SNU-620 cells compared to the SNU-5 and SNU-1 cells, although Bid and XIAP were expressed at similar levels across the four cell lines. The expression and degradation of FLICE-inhibitory protein (FLIP) upon TRAIL treatment was independent of TRAIL sensitivity. In conclusion, the differential susceptibility of the four gastric cancer cells to TRAIL may be ascribed to the differential expression of DR4 and the proper augmentation of the death signal by the truncation of Bid and degradation of XIAP.
Introduction
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL, also termed APO-2L) is a pro-apoptotic cytokine that belongs to the tumor necrosis factor superfamily (1) . A TRAIL homotrimer interacts with a homotrimeric TRAIL-R1 [death receptor (DR)4] or TRAIL-R2 (DR5), initiating extrinsic and indirectly intrinsic pathways of apoptosis and nuclear facgtor-κB (NF-κB) activation (2) . TRAIL also binds to two other membrane receptors, TRAIL-R3 [decoy receptor (DcR)1] and TRAIL-R4 (DcR2) that do not contain functional death domains and function as DcRs (2) . Another TRAIL receptor, osteoprotegerin (OPG), acts as a soluble DcR for TRAIL (3) . TRAIL is known to play critical roles in immune surveillance and defense mechanisms against cancer cells, as well as in normal hematopoiesis (4, 5) .
TRAIL is known to preferentially induce apoptosis in cancer cells, with little to no toxicity to normal cells, which has prompted research into its therapeutic application (6) . Although TRAIL manifests fewer side-effects than conventional chemotherapeutic reagents, there are nevertheless considerable obstacles to the clinical application of TRAIL. Since the majority of injected TRAIL is rapidly cleared, a large dose of TRAIL may be required in clinical situations (7) . Additionally, sensitivity to TRAIL-mediated apoptosis is widely divergent depending on the type of cancer (8, 9) .
Cancer cells equipped with any type of anti-apoptotic mechanisms can potentially evade TRAIL-mediated apoptosis. The silencing of or loss-of-function mutations in DR4 and DR5 via genetic and epigenetic changes in cancer cells can render the cancer cells resistant to TRAIL (10) (11) (12) (13) . The increased expression of DcRs is also involved in the TRAIL resistance of cancer cells (14) . In addition, cancer cells that overexpress anti-apoptotic molecules, including cellular FLICE-inhibitory protein (c-FLIP), X-linked inhibitor of apoptosis (XIAP) and Bcl-2, are resistant to TRAIL-mediated apoptosis (15) (16) (17) . Since TRAIL-mediated apoptosis can be regulated by the expression status of various anti-and pro-apoptotic molecules, the focus of research on the therapeutic application of TRAIL has shifted toward the discovery of indicators and enhancers of the TRAIL sensitivity of cancer cells (8, 18, 19) .
Gastric cancer was estimated to be the fourth most common malignancy and the second leading cause of cancer-related mortality worldwide in 2008 (20) . The incidence of gastric cancer is reported to be particularly high in East Asian countries, including Japan, China and Korea. Gastric cancer is treated by
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the surgical resection of the operable tumor, accompanied by localized radiotherapy and chemotherapy with conventional chemotherapeutics (21) . However, the non-specific toxicity of the drugs necessitates the development of novel therapeutic measures to treat the disease, which has prompted a search for novel therapeutics (22) . TRAIL has been tested as a candidate drug for the treatment of gastric cancer (23) . Although TRAIL induces the apoptosis of many gastric cancer cells, considerable resistance has also been reported in a few gastric cancer cells (16, 24) . To optimize TRAIL utility as an effective therapeutic strategy for gastric cancer, it is necessary to identify critical indicators of TRAIL treatment outcomes and potential enhancers of TRAIL efficacy (11, 23, 25, 26) . In the present study, we investigated the response of various gastric cancer cell lines to TRAIL, the mechanism of TRAIL-mediated apoptosis and the molecular basis of the differential sensitivity to TRAIL. Four gastric cancer cells grown in suspension manifested differential susceptibility to TRAIL treatment. The expression of signaling components involved in TRAIL-mediated apoptosis, including TRAIL receptors, caspases and apoptosis-modulating proteins, was examined to investigate the mechanism of TRAIL-mediated apoptosis and the molecular basis of the divergent responses to TRAIL treatment.
Materials and methods
Cell culture. The gastric cancer cell lines, SNU-1, SNU-5, SNU-16 and SNU-620, were cultured in RPMI-1640 (HyClone, South Logan, UT, USA) supplemented with 10% fetal bovine serum (HyClone), 100 U/ml penicillin and 100 µg/ml streptomycin (HyClone) at 37˚C in a humidified 5% CO 2 incubator. They were grown in suspension and subcultured twice a week by splitting 1:10 after collection by centrifugation.
MTT assay. Methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO, USA) assay was carried out as previously described in the study by Huynh et al (27) , with some modifications for cell suspension. A total of 2,000 cells/ well plated in a 96-well plate on the previous day were treated with either human TRAIL APO-II Ligand (PeproTech Inc., Rocky Hill, NJ, USA) or the vehicle, as specified in the figure legends. At 24, 48 or 72 h after treatment, 20 µl/well MTT solution (2.5 mg/ml PBS) were added to the cells and incubated for 3 h. Solubilizer (80 µl/well, 10% SDS with 0.01 N HCl) was added, and the plate was incubated at 37˚C overnight to dissolve the MTT formazan. The absorbance at 570 nm, with reference absorbance at 650 nm, was measured with a Multiskan GO spectrophotometer (Thermo Scientific, Rockland, IL, USA). The percentage viability was calculated by [(absorbance of experimental well)/(absorbance of control well)] x100%. The IC 50 was obtained by plotting log[percentage viability] against TRAIL concentration and determining the TRAIL concentration at 50% viability.
Flow cytometric analysis. Annexin V binding and the expression of TRAIL receptors on the cell surface were analyzed by flow cytometry. For Annexin V binding analysis, cells seeded at 1.2x10 5 /well in 6-well plates on the previous day were treated with 50 ng/ml TRAIL for 16 h. The cells were collected by centrifugation (520 x g, 2 min) and were incubated in PBS containing 2 mM EDTA and 0.5% FBS for 2 min. The cells were washed once with Annexin V binding buffer and then incubated in buffer containing FITC-conjugated Annexin V (100 µl, 0.05 µg/ml; Annexin V-FITC detection kit, eBioscience, San Diego, CA, USA) and propidium iodide (PI, 5 µg/ml) at room temperature in the dark for 30 min. Annexin V binding and PI infiltration were measured by flow cytometry using a FACSCalibur™ (BD Biosciences, Sparks, MD, USA), and the data were analyzed with CellQuest Pro™ software (BD Biosciences). To detect cell surface receptor expression, cells, plated as described above, were allowed to grow for 48 h. The pelleted cells (520 x g, 2 min) were dispersed by incubation in PBS containing 2 mM EDTA and 0.5% FBS for 2 min, and the cells were then incubated in 100 µl PBS containing phycoerythrin (PE)-conjugated α-TRAIL, α-DcR1 (CD263), α-DR4 (CD261), α-DR5 (all from eBioscience) or α-DcR2 antibody (B-R27, Santa Cruz Biotechnology) for 30 min in the dark at room temperature. A PE-conjugated mouse IgG isotype control (eBioscience) was used as the negative control. The fluorescence signal from the bound antibodies was measured by flow cytometry, as described above.
RNA isolation and RT-PCR.
The total RNA was isolated, and an aliquot (5 µg) was reverse-transcribed, as previously described (27) . A total of 2 µl of each RT reaction mixture was then employed for real-time PCR using the SYBR ® -Green PCR kit (Qiagen, Hilden, Germany) with LightCycler 2.0 (Roche, Basel, Switzerland) as directed by the manufacturer. The primers used in the experiments were as follows: TRAIL (GGAACCCAAGGTGGGTAGAT/TCTCA CCACACTGCAACCTC), DR4 (CTGAGCAACGCAGACT CGCTGTCCAC/TCCAAGGACACGGCAGAGCCTGTGC CAT), DR5 (GCCTCATGGACAATGAGATAAAGGTG GCT/CCAAATCTCAAAGTACGCACAAACGG), DcR1 (GAAGAATTTGGTGCCAATGCCACTG/CTCTTGGACTT GGCTGGGAGATGTG), DcR2 (GGCTGCTGGTTCCAGT GAATGACGCT/GTTTCTTCCAGGCTGCTTCCCTTTG TAG) and GAPDH (TGATGACATCAAGAAGGTGG/TCCTT GGAGGCCATGT GGGCCAT). The PCR reactions consisted of one cycle of 95˚C for 10 min, followed by 45 cycles of 95˚C for 10 sec, 62˚C for 5 sec and 72˚C for 20 sec. The input cDNA levels were monitored by measuring GAPDH in a parallel reaction. The specific mRNA levels were calculated by (1/2) ∆∆C T . ∆∆C T is defined as C T of targets-C T of GAPDH.
Protein extraction and western blot analysis. Total cell lysates were prepared and analyzed by western blot analysis, as previously described (27) . The antibodies used in the experiments were α-caspase-9, α-caspase-3, α-XIAP (Cell Signaling Technology, Danvers, MA, USA), α-BID, α-caspase-8 (Chemicon, Temecula, CA, USA), α-DR5, α-FLIP (eBioscience), α-DR4 (Novus Biologicals, Littleton, CO, USA) and α-β-actin (Bethyl Laboratories Inc., Montgomery, TX, USA).
Results

Response of gastric cancer cells to TRAIL.
The responsiveness of the four gastric cancer cell lines, SNU-1, SNU-5, SNU-16 and SNU-620, to TRAIL was determined by MTT assay. TRAIL induced cell death in a concentration-dependent manner in all four cell lines. However, the IC 50 of TRAIL at each time-point demonstrated the differential TRAIL sensitivity of the cell lines (Fig. 1A) . The IC 50 values at 48 h were 12.7 ng/ml for SNU-16, 14.0 ng/ml for SNU-620, 30.3 ng/ml for SNU-5 and 78.7 ng/ml for SNU-1. In general, the IC 50 values of the SNU-16 and SNU-620 cells were 4-to 6-fold lower than those of the SNU-1 cells at each measured time-point. The TRAIL-mediated apoptosis of the gastric cancer cells was confirmed by flow cytometric analysis of the Annexin V-bound cells. In the SNU-16 and SNU-620 cells, TRAIL significantly increased the number of both Annexin Vand PI-positive cells, whereas there was no significant increase in these populations in the SNU-1 cells (Fig. 1B) . The fraction of Annexin V-and/or PI-positive cells was displayed in the following order: SNU-16 ≈ SNU-620 > SNU-5 >> SNU-1. Both the MTT assay and flow cytometry analysis results indicated that the SNU-16 and SNU-620 cells were highly sensitive to TRAILmediated cell death, whereas the SNU-1 cells were relatively resistant and the SNU-5 cells showed intermediate sensitivity to TRAIL.
The activation of caspase-3, -8 and -9 upon TRAIL treatment was measured by western blot analysis (Fig. 1C) . The expression levels of procaspase-3, -8 and -9 were comparable between the gastric cancer cells. Although TRAIL treatment increased the amount of active caspase-8 fragments in all four cell lines, the quantity of the fragments in the control and TRAIL-treated cells was much higher in the TRAIL-sensitive SNU-16 and SNU-620 cells compared to the SNU-1 and SNU-5 cells. Similarly, the quantity of active caspase-3 fragments was significantly increased in the SNU-16 and SNU-620 cells and slightly increased in the SNU-5 cells, although procaspase-3 expression diminished upon TRAIL treatment in all four cell lines. By contrast, the activation of caspase-9 was apparent in the SNU-1, SNU-16 and SNU-620 cells. Overall, the levels of caspase activation, particulrly those of caspase-3 and -8 positively correlated with the differential TRAIL sensitivity of the gastric cancer cells.
Expression of TRAIL receptors in the gastric cancer cells. Since TRAIL receptor expression is associated with the differential susceptibility to TRAIL (11, 28) , we examined the mRNA levels of TRAIL receptors and TRAIL in the gastric cancer cells by real-time RT-PCR ( Fig. 2A) . The mRNA expression of DcR1 and DcR2 was the lowest in the TRAIL-sensitive SNU-16 cells among the four gastric cancer cells. The SNU-5 cells showed a ~10-fold higher level of TRAIL mRNA compared to SNU-1 and a 2-to 3-fold higher level compared to the SNU-16 and SNU-620 cells. The DR4 mRNA level in the SNU-1 cells was ~1,000-fold lower than that in the SNU-5, SNU-16 and SNU-620 cells and was almost negligible, while the SNU-1 cells demonstrated the highest level of DR5 mRNA expression among the tested cell lines. Western blot analysis of whole cell DR4 protein levels confirmed the absence of its expression in the SNU-1 cells (Fig. 2B) . In addition, DR4 expressoin was almost completely diminished upon TRAIL treatment in the TRAIL-sensitive SNU-16 and SNU-620 cells (Fig. 2C) . By contrast, the DR5 protein level was highest in the SNU-5 cells but was comparable among the other cell lines (Fig. 2B) . DR5 expression was reduced upon TRAIL treatment only in the SNU-16 cells (Fig. 2C) .
Since TRAIL binds to its receptors on the cell surface, the expression of TRAIL receptor proteins on the cell surface was also measured by flow cytometry (Fig. 3) . DR5 expression on the cell surface was apparent and comparable among the four gastric cancer cell lines. By contrast, the surface level expression of DR4 The target mRNA levels were normalized against those of GAPDH to monitor the total cDNA quantity in the PCR reaction. The data presented are the average ± standard error (x10 5 for DR4, DR5 and TRAIL; x10 7 for DcR1; 10 6 for DcR2) of seven independent experiments. (B and C) Western blot analysis of whole cell DR4 and DR5 proteins. Whole cell lysates were prepared from either proliferating cells (B) or TRAIL-treated cells (50 ng/ml) for 16 h (C). The expression of DR4 and DR5 was determined by western blot analysis as described in Materials and methods. β-actin was used to monitor protein content on the western blots. The data shown are representatives of three independent experiments. was comparable among the four cell lines. Taken together, these results show that the expression of DR4 at the mRNA and protein levels and that of DcR2 on the cell surface positively correlated with the differential TRAIL sensitivity of the gastric cancer cells, whereas the expression of DR5 and DcR1 did not correlate with TRAIL sensitivity.
Expression of apoptosis modulators. Several pro-and antiapoptotic proteins, including the proteins of the Bcl-2 and inhibitors of apoptosis (IAP) families, either stimulate or inhibit TRAIL-induced apoptosis (15) (16) (17) . Therefore, to further understand the mechanism underlying the differential susceptibility to TRAIL-mediated apoptosis, we examined the expression of apoptosis modulators in the gastric cancer cell lines by western blot analysis. The fragmentation of Bid into tBid upon TRAIL treatment directly reflected the activation of caspase-8 and TRAIL sensitivity (Fig. 4, upper panel) . In addition, although the basal level of XIAP was similar in all four cell lines, XIAP was almost completely degraded in the TRAIL-sensitive SNU-16 and SNU-620 cells (Fig. 4, second panel from the top) . However, the expression of the long and short forms of FLIP was relatively low in the SNU-1 cells and the short form completely disappeared upon TRAIL treatment in all cell lines (Fig. 4, third panel from  the top) . In conclusion, the fragmentation of Bid to tBid and XIAP degradation corresponded well to the TRAIL sensitivity of the gastric cancer cells, whereas the expression level of FLIP in the cells that were untreated or treated with TRAIL did not correlate with TRAIL sensitivity.
Since XIAP and cellular IAPs (cIAPs) are known to inhibit TRAIL-mediated apoptosis through interaction with caspases, XIAP cleavage may be required to promote TRAIL-mediated cell death (15) . Otherwise, caspases activated by TRAIL cleave XIAP, thus facilitating apoptosis by a feed forward amplification loop (29) . Therefore, we determined whether XIAP was cleaved by caspases activated by TRAIL treatment in the TRAILsensitive SNU-620 cells (Fig. 5) . The amount of XIAP protein gradually decreased with time in the SNU-620 cells treated with TRAIL (Fig. 5A) . However, the inhibition of caspase activity following pre-treatment with the pan-caspase inhibitor, Z-VAD, prevented the degradation of XIAP upon TRAIL treatment (Fig. 5B) . These results suggest that XIAP may be cleaved by TRAIL-activated caspases, which accelerates the apoptosis induced by TRAIL.
Discussion
The differential susceptibility of cancer cells toward TRAILinduced apoptosis is an obstacle to the wide application of TRAIL as a cancer therapeutics. The effective application of TRAIL in cancer treatment necessitates the identification of potential indicators of TRAIL efficacy in cancer cells, prompting intense investigation into the molecular mechanisms of the TRAIL resistance of various cancer cells (8, 19) . In this study, we aimed to identify potential indicators of TRAIL response through quantitative measurement of TRAIL cytotoxicity and perfomed a detailed analysis of the molecular mechanisms involved in the differential TRAIL sensitivity of four gastric cancer cell lines.
The efficacy of TRAIL decreased in the four gastric cancer cell lines in the following order: SNU-16 ≈ SNU-620 > SNU-5 >> SNU-1. This was further supported by an Annexin V binding assay and the caspase activation profile. TRAIL IC 50 of the gastric cancer cells ranged between 23.8-87.1 ng/ml after 24 h of treatment, which was comparable to effective concentration of TRAIL (10-100 ng/ml) in the TRAIL-sensitive cancer cells. Of note, there was a positive correlation between TRAIL sensitivity and the location of the gastric cancer cell source. SNU-1 cells which were relatively resistant to TRAIL, were isolated from a solid tumor, while the other cell lines were established from ascites (30, 31) . While the silencing of DR4 expression was implicated in the tempered TRAIL response of the SNU-1 cells in this study, no significant difference in the expression of DR4 was found between primary gastric carcinomas and metastasized ones from ascites (32). Thus, although tumor metastasis from ascites is different from ascites per se, the question of whether tumor cells in ascites are more sensitive to TRAIL than those in solid tumors remains to resolved.
The expression level of death-inducing and decoy TRAIL receptors has often been associated with TRAIL responsiveness (9) . The downmodulation or loss of DR expression resulting from gene loss, mutations, epigenetic control and/ or post-translational regulation has been implicated in gastric cancer cells with TRAIL resistance (13, (33) (34) (35) . The expression of DR4 mRNA and protein was ~1,000-fold lower in the SNU-1 cells which were relatively resistant to TRAIL, than in the other tested cell lines, while the expression of DR5 and DcR1 was comparable between the cell lines. DR4 expression has been reported to correlate with TRAIL-induced apoptosis in various cancer cells despite the presence of functional DR5 (11, 36) . By contrast, DR5 has been shown to play a critical role in the TRAIL-mediated apoptosis of certain bladder cancer cells (37) , suggesting that TRAIL preferentially exploits distinct DRs in different cells. In the gastric cancer cells, the silenced DR4 expression is the most critical component that determines TRAIL-mediated apoptosis. The downregulation of DR4 by promoter methylation has been reported in gastric carcinoma, which could abate the effectiveness of TRAIL (33, 34) . However, since azacytidine, a DNA methylation inhibitor, did not restore DR4 expression (data not shown), its reduced expression in the SNU-1 cells was not attributed to downregulation by methylation.
Bid truncation into tBid by active caspase-8 relays an extrinsic apoptotic signal triggered by TRAIL to the intrinsic apoptotic pathway (38) . Akt activation renders ovarian cancer cells resistant to TRAIL by the downregulation of Bid, suggesting that, in addition to the extrinsic pathway, the intrinsic pathway significantly contributes to TRAIL-induced apoptosis (39) . While the expression level of Bid was similar among the gastric cancer cell lines, the full cleavage of Bid, as well as the appearance of active caspase-9 and -3 fragments were obvious in the TRAIL-sensitive gastric cancer cells. In addition, although cleaved caspase-9 fragments were also observed in the SNU-1 cells, a significant amount of procaspase-9 still remained intact upon TRAIL treatment, including a significant amount of Bid. Thus, TRAIL sensitivity better correlates with the activation of caspases via the extrinsic pathway, which accentuates the importance of DRs and the subsequent activation of caspase-8 in the gastric cancer cells.
The sensitivity of cancer cells to TRAIL-mediated cell death also correlates with intracellular levels of pro-and antiapoptotic proteins (9) . Two forms of FLIP, a long form and a short form, inhibit TRAIL-mediated apoptosis by displacing caspase-8 from the death-inducing signaling complex (DISC). The upregulation of FLIP by Akt has been suggested to be an inhibitory mechanism of TRAIL-induced apoptosis in SNU-216 gastric cancer cells (16) . TRAIL response may also be influenced by the modulation of FLIP expression (40) . However, the level of FLIP is not always indicative of the sensitivity to TRAIL (41) . In the current study, there was no significant difference in the expression of both forms of FLIP among the gastric cancer cells, and, in all of the cell lines tested, the short form of FLIP disappeared upon TRAIL treatment (Fig. 4) . Thus, the TRAIL susceptibility of the gastric cancer cells is likely independent of the FLIP expression and degradation level.
IAPs are inhibitors of apoptosis that interact with caspases and inhibit their activities (38) . The expression of IAPs, particulary XIAP, has been reported to be inversely correlated with TRAIL sensitivity, and the modulation of XIAP expression influences TRAIL sensitivity in a number of cancer cell lines (15) . Whereas a substantial amount of XIAP was detected in the gastric cancer cells, regardless of their susceptibility to TRAIL, XIAP expression diminished upon TRAIL treatment only in the TRAIL sensitive SNU-16 and SNU-620 cells. The inhibition of caspase activity by the caspase inhibitor, Z-VAD, fully rescued XIAP in the gastric cancer cells, suggesting that XIAP was cleaved by activated caspases in the TRAIL-treated gastric cancer cells (Fig. 5) . XIAP degradation by activated caspases upon TRAIL treatment can further propagate apoptosis, which exerts positive feedback to enhance TRAILmediated apoptosis (29) .
TRAIL is an emerging candidate for gastric cancer therapeutics and our results clearly support this possibility (23) . However, the differential sensitivity to TRAIL-mediated apoptosis was also apparent among the gastric cancer cells tested. Our results demonstrated that the amounts of DR4 mRNA and protein coincided well with the TRAIL sensitivity of the gastric cancer cells. Therefore, the expression of DRs, particularly DR4, may serve as an indicator of TRAIL response in gastric cancer cells, although it would be too hasty to rule out other contributing factors. By contrast, since the expression of Bid, FLIP and XIAP was comparable between the gastric cancer cells, and since the cleavage of Bid to tBid and the degradation of XIAP were apparent only in the TRAIL-sensitive cells, these phenomena therefore play a limited role in enhancing TRAIL-induced apoptosis by a positive feedback loop in the gastric cancer cells.
